The Cu substitution by Zn and Ni impurities and its influence on the mass renormalization effects in angle-resolved photoelectron spectra (ARPES) of Bi 2 Sr 2 CaCu 2 O 8ÿ is addressed. We show that the nonmagnetic Zn atoms have a much stronger effect in both the nodal and antinodal parts of the Brillouin zone than magnetic Ni. The observed changes are consistent with the behavior of the spin resonance mode as seen by inelastic neutron scattering in YBCO. This strongly suggests that the ''peak-dip-hump'' and the kink in ARPES on the one side and neutron resonance on the other are closely related features. DOI: 10.1103/PhysRevLett.96.037003 PACS numbers: 74.25.Jb, 74.72.Hs, 79.60.ÿi The unique sensitivity of angle-resolved photoemission (ARPES) to the many-body effects in solids brings this technique to the forefront of modern research in the field of high-temperature superconductivity (HTSC). The anomalies in the single-particle spectral function of a superconductor, detected and well characterized along the high symmetry directions of the Brillouin zone (BZ), are commonly believed to be crucial for understanding HTSC. Along the BZ diagonal, the renormalization effects are represented by an unusual dispersion, the so-called ''kink'' [1] [2] [3] . In the vicinity of the ; 0 point of the BZ, where the order parameter reaches its maximum, the renormalization is noticeably stronger and makes itself evident even in the shape of a single spectral line measured for a fixed momentum [4 -6].
The unique sensitivity of angle-resolved photoemission (ARPES) to the many-body effects in solids brings this technique to the forefront of modern research in the field of high-temperature superconductivity (HTSC). The anomalies in the single-particle spectral function of a superconductor, detected and well characterized along the high symmetry directions of the Brillouin zone (BZ), are commonly believed to be crucial for understanding HTSC. Along the BZ diagonal, the renormalization effects are represented by an unusual dispersion, the so-called ''kink'' [1] [2] [3] . In the vicinity of the ; 0 point of the BZ, where the order parameter reaches its maximum, the renormalization is noticeably stronger and makes itself evident even in the shape of a single spectral line measured for a fixed momentum [4 -6] .
It is widely accepted that coupling to a collective mode [7, 8] naturally explains these anomalies. The origin of this mode remains a current controversy between the two most frequently proposed candidates: phonons and spin fluctuations.
Existing photoemission data suggest substantial dependence of the coupling between the electrons and the mode on momentum [2] , hole doping [6, 9] , and temperature [5, 10] , which well fits the magnetic scenario. However, other similar ARPES experiments are interpreted in terms of phonons [11, 12] . In order to resolve this controversy, one needs a way to vary separately either the phononic or the magnetic spectrum. Variation in the phononic spectrum can be achieved by the use of different isotopes. Such an experiment for HTSC has recently been reported [13] , but its ''unusual'' character (all major effects have been observed at high energies, 100-300 meV) leaves the problem of low-energy anomalies, which are relevant for the superconductivity, unsolved. There is also a possibility to change the magnetic spectrum via doping different types of impurities into the Cu-O plane. It is known from inelastic neutron scattering (INS) [14, 15] that substitution of Zn and Ni leads to substantial changes in the imaginary part of spin susceptibility.
In this Letter, we show that substitution of Zn and Ni essentially influences the renormalization anomalies in ARPES spectra along both the nodal and antinodal regions of the BZ. Moreover, the changes in ARPES spectra are in good correspondence to those observed in magnetic spectra by INS. This provides evidence that it is the magnetic excitations that are responsible for the unusual renormalization features in the quasiparticle excitation spectrum of cuprates.
The ARPES experiments were carried out at the U125/1-PGM beam line with an angle-multiplexing photoemission spectrometer (SCIENTA SES100) at BESSY. Overall energy resolution was set to 20 meV, and angular resolution was 0.2 , which yields a wave vector resolution 0:013 and 0:009 A ÿ1 for 50 and 27 eV excitation energies, respectively. All data were acquired at T 30 K in the superconducting state for three high quality samples: nearly optimally doped pure BSCCO (T C 92 K), Zn substituted BSCCO with nominal Zn concentration close to 1% (T C 86 K), and 2% Ni substituted BSCCO (T C 87 K).
The two regions in the BZ that we focused on are schematically shown in Fig. 1(a) . The fat black spot at M; 0 corresponds to an antinodal energy distribution curve (EDC), which is a spectrum measured for a fixed momentum. In the nodal region, the set of k points for which the spectra were recorded is denoted by a doubleheaded arrow directed along the BZ diagonal.
First, we consider the antinodal region. In the general case, the EDC taken at the ; 0 point would consist of two peaks due to the bilayer split band [16, 17] . It has been shown that the contribution from the bonding band can be completely removed by a proper choice of excitation energy [17] (in this case, h 50 eV). Nevertheless, at least for the underdoped samples [18] , the line shape is not reduced to a single peak and has a dip at a higher binding energy. The presence of the dip in a single band EDC is well explained in terms of coupling to a collective mode [7, 8] . Such an interaction with a sharp mode with energy mode leads to the increase of the scattering rate at binding energies higher than mode , where is a superconducting gap, i.e., to a steplike feature in the imaginary part of the self-energy and a logarithmic divergence in the real part of the self-energy giving rise to a dip in the photoemission line shape. When the mode has a finite width, the dip smears out as demonstrated in Fig. 1(b) . Therefore, the dip can be a good indicator of the mode width and energy. Broadening of the mode described above well corresponds to our experimental data presented in Fig. 1(c) . Comparing these EDC's, measured at the ; 0 point of the BZ with 50 eV photon energy, we see a striking difference in the line shapes caused by the impurity substitution: While for the pure sample the spectrum has a pronounced dip, for the Zn substituted sample the dip almost completely vanishes. For the Ni substituted sample, the dip ''strength'' is intermediate. The dip vanishing with Zn doping is a robust effect that we observed for numerous samples and was one of the reasons to conduct this systematic study.
Another change in the spectra that one can notice is an increase of the intensity of the low-energy peak relative to the spectral weight at higher binding energies upon Ni substitution and an even stronger effect on Zn substitution. In a simple model where we explain the spectral weight at the ; 0 point by a strong coupling to a mode (e.g., the neutron resonance mode), such an intensity variation could be accounted for by a stronger coupling to the mode upon impurity substitution. A higher coupling to the mode would be related to a larger imaginary part of the selfenergy, and this would cause a stronger broadening and, therefore, a reduction of the intensity in the ''hump'' region. On the other hand, such a broadening would also result in a flattening of the hump that we do not observe here. In addition, we do not see in the dispersion of the bonding band (not shown) any clear evidence for an increase of the mass enhancement with Zn doping. Thus, in order to account for all changes in the line shape, one needs a model that also takes into consideration the possible difference in elastic scattering contributions (e.g., due to different surface qualities) and different extrinsic backgrounds.
Now we turn to the spectra measured for the set of k points lying along the BZ diagonal. To avoid the complications of bilayer splitting at this part of the BZ, the following spectra were measured with h 27 eV, when again only one of the bilayer split bands is visible [19] . The raw distributions of photoemission intensity as a function of energy and momentum are presented in Figs. 2(a)-2(c). In the second row in Fig. 2 , we show the experimental dispersion obtained from the maxima position of the Lorentzians that provide the best fit to the momentum dispersion curves [1] . The straightforward way to estimate a degree of the renormalization effects is to draw one and the same ''guide'' line from the Fermi level (FL) to some fixed point on the experimental dispersion curve and treat the area between the dispersion curve and the guide line as an effective measure of renormalization. It is easy to see that renormalization in the case of the Zn substituted sample is decreased in comparison to the pure sample. Subtracting a bare particle band dispersion from the experimental dispersion, the real part of the selfenergy can be obtained. Here, as follows from a selfconsistent Kramers-Krönig procedure [20] , for the bare band dispersion we used a parabolic band with its bottom lying 0.8 eV below the FL. Defining a coupling constant as derivative of the real part of the self-energy at the FL, we find that nod pure 1:06, nod Ni 0:88, and, for the Zn doped sample, it has the lowest value nod Zn 0:76. We note that, although the obtained absolute values for nod depend on the parameters of the bare band dispersion, their ratio remains almost insensitive to the position of the bottom of the bare band, provided that the bare band is the same for all three samples. Therefore, it would be more accurate to say that the coupling constant for the nodal direction is reduced by approximately 15% for the 2% Ni doped sample and by 30% for 1% Zn doped sample as compared to the pure one. The fact that the Zn doped sample has nearly the same T C as the Ni doped one, in spite of different nod , is not surprising. Because of the strong anisotropy of the coupling, the critical temperature of a d-wave superconductor is not solely defined by nod . A link between the modifications in our spectra and changes in the spin fluctuation spectrum with impurity substitution was based on the implication that we have equal charge doping of the samples. It is known that the renormalization features are weakening with overdoping in both nodal and antinodal directions [6, 9] . Therefore, different hole doping might be a possible explanation. In order to evaluate the hole doping level, we measured the FS maps in k space for all samples, which, in addition, allowed us to know precisely our position in the reciprocal space when measuring nodal and antinodal spectra. In a false color scale (Fig. 3) , we show experimental data, which are the photoemission intensity distributions as a function of momentum recorded for a fixed energy, namely, 20 meV below the FL. Figures 3(a)-3(c) correspond to the samples under consideration, and, for comparison, in Fig. 3(d) we give the identical map for an overdoped sample with the hole doping within 0.19-0.20. Gray-scale images below the experimental data represent tight-binding fits to the antibonding sheets of the FS [21] . The area of antibonding sheets of the FS can be used as a good relative doping measure. We focus attention on the ''lens'' [ Fig. 3(d) ] formed by the shadow and the 1st order diffraction replica. Even from its size, which is determined by the size of the However, a charge doping induced suppression of the renormalization features would require a deviation of the hole concentration of about 30% [6] . So we see that the difference in charge doping for our sample is negligible to account for the substantial change in the line shape [ Fig. 1(c) ] at the antinode, as well as for the different renormalization constants (Fig. 2) for the nodal spectra.
We find that our experimental observations of the dip smearing in the ; 0 EDC are in good agreement with the results of INS experiments. The comparison with INS is most pertinent here, since it gives a detailed insight into the changes of a spin fluctuation spectrum modified by the impurities and allows us to make a comparison with those that we see in ARPES spectra. The direct observation of the magnetic resonance mode by INS in YBCO demonstrates its strong sensitivity to impurities incorporated into Cu-O planes. When, for a pure sample, the mode is sharply peaked at 40 meV with a FWHM being resolution limited [22] , for 1% Zn substituted YBCO the mode attains a finite width of about 10 meV [14] . Gradual broadening of the resonance and decrease of its intensity is traced in detail in Ref. [15] . From Ref. [14] it follows that an introduction of 3% of Ni results in approximately the same intensity of the resonance at its peak as in the case of 1% Zn doping, supporting the idea that nonmagnetic Zn has stronger influence on spin dynamics than Ni, which is the same that we see in ARPES spectra.
It is also worth mentioning that Raman scattering experiments on Zn and Ni substituted YBCO crystals show no apparent changes in the structure of phonon anomalies [23, 24] at room temperature, suggesting that the lattice dynamics remains unchanged. Similar results, except for the peak at 340 cm ÿ1 , are obtained in Ref. [25] for the superconducting state. This peak shows a small decrease of its intensity and insignificant, as compared to magnetic resonance mode, broadening from 1.6 to 1.9 meV. It is clear that such a broadening cannot account for the vanishing of the dip in the ; 0 spectra. Therefore, we conclude that the smearing of the dip in the ; 0 EDC with impurity doping is a straightforward consequence of the magnetic resonance mode broadening and possibly a decrease of its integral intensity.
For the nodal direction (BZ diagonal), the situation is more complicated. According to Ref. [26] , the renormalization effects in nodal spectra are caused mainly by scattering of the electrons between nodes and a van Hove singularity in the density of states at the ; 0 point by the resonance mode centered at antiferromagnetic vector Q; . This serves as a good explanation for the fact that the renormalization effects are much weaker in the node than those in the vicinity of the ; 0 point. But it also means that the renormalization has to increase with the resonance mode broadening in momentum space when impurities are doped into the Cu-O plane [14] . On the contrary, our observations show that the dimensionless coupling constant decreases, suggesting that the scattering by the antiferromagnetic vector Q; does not have the dominant contribution in the nodal spectra renormalization effects [27] . The new resonance feature in a magnetic excitation spectrum [28, 29] peaked at an energy close to 54 meV, and an incommensurate vector Q IC 0:8; 0:8 provides scattering between the nodes and, therefore, should have a strong influence on the nodal spectra renormalization effects. The suppression of the new resonance, observed at 54 meV, with impurity doping is expected, since it belongs to the same dispersion curve [30] . However, its detailed evolution needs to be clarified, in order to put the problem into a quantitative domain.
In conclusion, we have shown that the substitution of Cu atoms in the Cu-O plane changes renormalization features in ARPES spectra in both nodal and antinodal parts of the Brillouin zone. The smearing of the dip in the antinodal EDC can be well explained by coupling of electrons to a magnetic resonance mode. The effect of Zn and Ni substitution on the antinodal ARPES spectra is in good agreement with the influence of these impurities on a magnetic resonance mode seen by INS experiments. These, in addition to the previous ARPES studies of temperature and doping dependence [2, 6, 9, 19] of ''peak-dip-hump'' structure, mass renormalization near the antinodal region, and a kink in a nodal part of the Brillouin zone, provide another strong evidence that the mode, coupling to which causes observed renormalization effects, has a magnetic rather than phononic origin.
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